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SUMMARY 

Boron-aluminum (B/Al)  and Borsic-aluminum (Bsc /Al )  composites were cont in-  
uously exposed a t  728 K f o r  up t o  240 hours and a t  783 K f o r  up t o  12 hours 
and c y c l i c a l l y  exposed between 293 K and 728 K f o r  up t o  6000 cyc le s .  
temperature t e n s i l e  s t r e n g t h s  were measured and the specimens were metallo- 
g raph ica l ly  examined. 
sis of  X-rays and an X-ray d i f f r a c t i o n  technique were employed t o  determine 
t h e  r e a c t i o n  products  a t  the f ibe r /ma t r ix  i n t e r f a c e .  

Room- 

Scanning-electron-microscope energy d i s p e r s i v e  analy- 

Formation of an A1B2 r e a c t i o n  layer has previous ly  been a s soc ia t ed  wi th  
t h e  degradat ion of boron-aluminum composites. The data of t h i s  r e p o r t  suggest  
t h a t  i n  add i t ion  to  A1B2 formation,  magnesium i n  the  6061 aluminum matr ix  d i f -  
fused to  t h e  r e a c t i o n  l a y e r  and formed (A1,Mg)Bz. 
weaken the  matr ix  and embrittle the  reac t ion  l a y e r .  Continuous thermal expo- 
s u r e  degraded the s t r e n g t h  of t h e  B/A1 specimens, bu t  the noncumulative f r ac -  
t u r e  mode, i n d i c a t i v e  of high-strength interfaces, d i d  no t  change. The 
strength degradat ion was a t t r i b u t e d  to  crack i n i t i a t i o n  i n  t h e  b r i t t l e  r e a c t i o n  
layer caus ing  stress concent ra t ions  on the fibers. Continuous exposure d i d  not  
al ter the strength of the Bsc /Al  specimens. 
t h e  s t r e n g t h  of both materials, bu t  the s t r eng th  of Bsc /Al  specimens was 
degraded t o  a lesser e x t e n t  than t h e  B/A1 specimens. The c y c l i c  exposure spec- 
imens showed t r a n s i t i o n  toward a cumulative f r a c t u r e  mode, c h a r a c t e r i s t i c  of 
low i n t e r f a c i a l  s t r eng th .  
weakened p l anes  caused by revers ing  s t r e s s  f i e l d s  induced by d i f f e r e n t i a l  ther -  
mal expansion. 
more than cont inuous exposure. 

Formation of' (A1,Mg)Bz could 

Cyclic thermal exposure degraded 

The lower i n t e r f a c i a l  s t r e n g t h s  were a t t r i b u t e d  t o  

Cycl ic  exposure degraded the  s t r e n g t h  of t h e  B/A1 specimens 

-. INTRODUCTION 

Composites of aluminum a l l o y  matr ix  re inforced  w i t h  boron f ibers  are sub- 
ject to  degradat ion of mechanical p rope r t i e s  when cont inuously o r  c y c l i c a l l y  
exposed t o  e leva ted  temperatures .  (See refs. 1 t o  6 . )  The degradat ion has  
been a t t r i b u t e d  t o  formation of a reac t ion  l a y e r  of  aluminum d ibor ide  (AlBZ) 
which either weakens the  i n t e r f a c i a l  bond o r  i n t roduces  stress concen t r a t ions  
i n  t h e  fiber (ref. 2 ) .  The r a t e  of degradation of boron-aluminum composites 
has been observed t o  vary widely depending upon t h e  aluminum a l l o y  used f o r  the 
mat r ix  (refs. 4 and 6.). Th i s  v a r i a t i o n  h a s  not  been explained and sugges ts  
t h a t  the  degradat ion mechanism is more comp.lex than a n t i c i p a t e d  and may involve 
a l l o y i n g  c o n s t i t u e n t s  of the  matr ix .  

An experimental  i n v e s t i g a t i o n  was conducted t o  determine what mechanisms 
cause the  degradat ion of s t r e n g t h  i n  these aluminum matr ix  composites.  
r e p o r t  p re sen t s  effects of  continuous and c y c l i c  exposure t o  e l eva ted  tempera- 
t u r e s  on 6061 aluminum matr ix  composites r e in fo rced  w i t h  boron and s i l i c o n -  
carbide-coated boron fibers. 

This  



ABBREVIATIONS 

B/A1 boron-aluminum composites 

B s c / A l  Borsic-aluminum composites 

EDAX energy d i s p e r s i v e  a n a l y s i s  of  X-rays 

SEM scanning e l e c t r o n  microscopy 

UTS u l t i m a t e  t e n s i l e  s t r eng th  

MATERIALS, EXPOSURE ENVIRONMENT, 

Materials 

ND AN LYSES 

Two f ibe r - r e in fo rced  6061 aluminum matr ix  composite materials were inves- 
tigated. 
t h e  other ( B s c / A l )  was re inforced wi th  0.145-mm-diameter s i l icon-carbide-coated 
boron (Borsic)  fibers. The materials were fabricated i n  30.5-cm by 50.8-cm 
pane l s  w i t h  a 6-ply u n i d i r e c t i o n a l  lay-up. The pane l s  were consol idated by 
d i f f u s i o n  bonding. The d i f f u s i o n  bonding parameters f o r  t h e  B/A1 pane l s  were a 
p r e s s u r e  of 31 MPa and a temperature of  800 t o  805 K f o r  30 minutes and f o r  t h e  
B s c / A l  panels  were 31 MPa and 820 t o  825 K f o r  30 minutes. The r e s u l t i n g  f i b e r  
volume f r a c t i o n s  were nominally 0.49, and panel  t h i cknesses  were nominally 
0.106 cm f o r  t h e  B/A1 panels  and 0.110 cm f o r  t h e  B s c / A l  panels .  No flaws were 
detected i n  the  f i n i s h e d  panels  by e i ther  u l t r a s o n i c  o r  X-ray examination. 

One (B/A1) was reinforced w i t h  0.142-mm-diameter boron f ibers,  and 

Tens i l e  test  specimens c u t  from the pane l s  were 15.24 cm long by 1.27 cm 
wide wi th  t h e  f ibers  o r i en ted  long i tud ina l ly .  A schematic diagram of  a speci- 
men wi th  adhesively bonded f i b e r  glass g r ipp ing  t a b s  f o r  t e n s i l e  t e s t i n g  i s  
shown i n  f i g u r e  1 .  

Thermal Exposure Environments 

The specimens were either continuously exposed t o  e l eva ted  temperatures  o r  
cycled between an e l eva ted  temperature and room temperature.  The exposure tem- 
p e r a t u r e s  considered are well above any a n t i c i p a t e d  use temperature.  These 
high temperatures were selected t o  accelerate t h e  degradat ion mechanisms and 
are t y p i c a l  of many of the exposure temperatures  r epor t ed  i n  t h e  l i t e r a t u r e .  

Continuous exposure.- Thermal exposures were conducted i n  a ba th  of  f l u i d -  
ized aluminum oxide particles. The par t ic les  were contained i n  a v e r t i c a l  cy l -  
i n d e r ,  16.5 cm i n  diameter and 40.6 cm high,  and were f l u i d i z e d  by a v e r t i c a l  
flow of  d ry ,  f i l tered,  compressed a i r .  The a i r  p res su re  and flow rate could be 
a d j u s t e d  t o  maintain proper f l u i d i z a t i o n .  Four e lectr ic  heaters a t  the.  i n s i d e  
perimeter o f  the  cy l inde r  maintained bath temperatures  of up t o  867 K t o  +1 per- 
c e n t .  The high thermal conduct ivi ty  and t u r b u l e n t  mixing i n  t he  ba th  resulted 
i n  spatial temperature d e v i a t i o n s  o f  less than +0.5 percen t  and hea t - t r ans fe r  
rates a t  s o l i d  su r faces  approaching t h o s e  i n  1iGuids. 
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Continuous exposures were conducted a t  two temperatures  f o r  t h e  fol lowing 
times : 

(1) A t  728 K f o r  80, 120, 160, 200, and 240 hours 

(2) A t  783 K f o r  5, 8 ,  10, and 12 hours 
F 

i 
Three specimens of  each composite mater ia l  were exposed a t  each temperature- 
time condi t ion.  
f o r  170 hours to  produce a t h i c k  r eac t ion  l a y e r  f o r  metal lographic  ana lys i s .  

2 
i 
1 

One add i t iona l  specimen of each material was exposed a t  783 K 

The f l u i d i z e d  b a t h  was heated t o  the exposure temperature and allowed t o  
s t ab i l i ze  before  t h e  specimens, suspended un res t r a ined  i n  a s t a i n l e s s  steel  
wire cage, were submerged i n  it. The temperature of t h e  ba th  was cont inuously 
measured by a chromel-alumel thermocouple suspended i n  the  bath.  A s  specimens 
completed their  exposure times, they were removed from t h e  ba th  and allowed t o  
coo l  i n  a i r  t o  room temperature.  

Cyclic exposure.- The e leva ted  temperature segment of t he  cycle  was con- 
ducted i n  a f l u i d i z e d  bath l i k e  the one used f o r  t h e  continuous exposures.  The 
lower temperature segment of t h e  cyc le  was conducted i n  another  f l u i d i z e d  b a t h  
modified by i n s t a l l i n g  a h e l i c a l l y  wound copper cool ing  c o i l  a t  the  i n s i d e  
perimeter of the con ta ine r ,  A laboratory cool ing  u n i t  cont inuously c i r c u l a t e d  
a c h i l l e d  e thylene  g lyco l  s o l u t i o n  through t h e  c o i l  t o  remove t h e  heat added by 
the  specimens and maintain t h e  lower temperature i n  t h e  bath.  

The specimens were t r a n s f e r r e d  from ba th  t o  ba th  by t h e  mechanism shown i n  
f i g u r e  2. 
t r o l l e d  t h e  time t h e  rack remained i n  each ba th .  

Each f u l l  cyc le  was recorded by an  automatic counter.  A timer con- 

Cyclic thermal  exposures were conducted between 293 K and 728 K .  Specimens 

1000, 2057, and 6000 cycles .  A t y p i c a l  temper- 
o f  each composite material were exposed t o ' t h e  cyc l ing  environment f o r  each of  
the  fo l lowing  number of cycles: 
a t u r e  c y c l e  f o r  a specimen instrumented with a chromel-alumel thermocouple is 
shown i n  f i g u r e  3. 
1 minute i n  the  293 K bath and approximately 1 minute i n  t h e  728 K ba th .  The 
balance of the  time was required t o  t r anspor t  the  specimens between t h e  two 
ba ths .  During t r a n s p o r t ,  the  specimens were exposed t o  room-temperature a i r .  

A complete cycle lasted 3.4 minutes w i t h  approximately 

The f l u i d i z e d  baths  were brought t o  t he  exposure temperatures and allowed 
t o  s t ab i l i ze  before beginning t h e  exposures. The temperature of a c a l i b r a t i o n  
specimen mounted on the rack was continuously measured by an  attached chromel- 
alumel thermocouple connected t o  a strip-chart recorder .  

Tensile T e s t s  

Room-tempera ture t e n s i l e  s t r eng th  tests were conducted on t h e  thermally 
exposed specimens and on a c o n t r o l  group of  unexposed specimens. 
were instrumented wi th  s t r a i n  gages and tested i n  a 0.53-MN hydraul ic  t e s t i n g  
machine. Each specimen was centered in  the t e s t i n g  machine wedge g r ips ,  and a 
small load was appl ied  t o  set the  g r i p s  i n  t he  g r ipp ing  tabs. 

The specimens 

The machine load 



output  and t h e  s t r a i n  gage output  were connected t o  an X-Y p l o t t e r  t o  provide a 
l o a d / s t r a i n  curve f o r  the specimen, Load was app l i ed  to  t h e  specimen a t  a con- 
s t a n t  s t r a i n  rate of 0.01 (cm/cm)/min t o  f a i l u r e .  

Metallographic Analyses 

Representa t ive  specimens from each exposure condi t ion  and an unexposed 
specimen were selected f o r  t h e  following metal lographic  analyses:  

( 1 )  Frac ture  s u r f a c e s  were examined wi th  scanning e l e c t r o n  microscopy 
(SEMI. 

(2 )  Elemental c o n s t i t u e n t s  i n  the matr ix  and r e a c t i o n  l a y e r  were deter- 
mined from t h e  f r a c t u r e  s u r f a c e s  using SEN energy d i s p e r s i v e  a n a l y s i s  of  X-rays 
(EDAX) .  

(3 )  Polished and etched cross sec t ions  of  t he  specimens were examined wi th  
o p t i c a l  microscopy. 

( 4 )  The fiber s t r e n g t h  d i s t r i b u t i o n  f o r  approximately 40 f ibers  from each 
specimen was determined by the  f ibe r  bend method descr ibed i n  r e fe rence  7 .  The 
f i b e r s  were bent  around t h e  successively smaller mandrels of  t h e  test f i x t u r e  
shown i n  f i g u r e  4 u n t i l  they failed. The f ibers  (approximately 5 cm long)  were 
obtained from specimen s e c t i o n s  by chemically removing the  aluminum matr ix  i n  a 
heated s o l u t i o n  of NaOH. 

(5) Reaction l a y e r  morphology on chemically removed f ibers  was examined. 
The f ibers  were prepared by etching one end wi th  Murakami's reagent  which 
detached the  r eac t ion  l a y e r  by etching away t h e  boron f iber  beneath it. The 
i n t e r f a c e  between the  etched and unetched reg ions  was then examined wi th  SEM. 

( 6 )  Chemical compounds present  i n  t h e  r e a c t i o n  l a y e r  were determined by 
ana lyz ing  t h e  X-ray d i f f r a c t i o n  pa t te rn  of  a powder sample. The powder sam- 
p l e  was prepared from chemically removed fibers.  The r eac t ion  products  were 
removed from t h e  fibers by u l t r a son ic  c leaning  i n  a d i s t i l l e d  water b a t h .  
The res idue  from t h e  c leaning  process was d r i e d  and s ieved  through a 200 mesh 
screen  t o  form t h e  powder sample. A goniometer and d i f f r ac tomete r  were used 
t o  ob ta in  t h e  X-ray d i f f r a c t i o n  pa t te rns .  

RESULTS AND DISCUSSION 

Typical t e n s i l e  s t r e s s - s t r a i n  curves f o r  exposed and unexposed specimens 
are shown i n  f i g u r e  5. The presence of two l i n e a r  r eg ions ,  called stage I and 
stage 11, is t y p i c a l  behavior f o r  t h i s  type composite and is  d iscussed  i n  refer- 
ence 8 ,  pages 432-433. 
and stage I1 modulus f o r  each continuous thermal exposure specimen and f o r  each 
c y c l i c  thermal exposure specimen are  l i s t e d  i n  tables I and 11, r e s p e c t i v e l y .  
Nei ther  continuous nor c y c l i c  exposure had any apparent  e f f e c t  on t h e  room- 
temperature modulus. The mean s tage  I1 modulus was 241 GPa wi th  a standard 

The room-temperature u l t ima te  t e n s i l e  s t r e n g t h  (UTS) 
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dev ia t ion  of  8 GPa f o r  t he  B/A1 specimens and 246 GPa wi th  a s tandard  dev ia t ion  
o f  4 GPa f o r  t h e  Bsc /Al  specimens. 

3 a 
Continuous Exposure Specimens 

Tens i l e  strength and fracture mode.- The mean va lue  and s tandard dev ia t ion  
of the  UTS as a funct ion of  continuous exposure time f o r  both B/A1 and Bsc/A1 
are shown i n  f i g u r e  6 f o r  exposure a t  728 K and 783 K.  
through each set of  da ta .  
exposure time a t  728 K increased  (fig.  6 (a ) ) .  
i n  29 percent  less s t r e n g t h .  The B/A1 UTS as a func t ion  of cont inuous exposure 
time a t  783 K decreased i n  a nonl inear  manner ( f i g .  6 ( b ) ) .  The B s c / A l  s t r e n g t h  
was no t  s i g n i f i c a n t l y  affected by continuous exposure a t  e i t h e r  temperature .  
However, much more scatter was present  i n  the B s c / A 1  data. 

Curves have been faired 
The B / A 1  UTS decreased i n  a nea r ly  l i n e a r  manner as 

Exposure f o r  240 hours  r e s u l t e d  1 

Typical  f r a c t u r e  p r o f i l e s  of t h e  B / A l  and B s c / A l  specimens are shown i n  
f i g u r e s  7 and 8, r e spec t ive ly ,  and SI34 f rac tographs  of  these specimens are 
shown i n  f i g u r e s  9 and 10. 
these specimens >show no i n d i c a t i o n  of a change i n  fracture mode as a r e s u l t  of 
cont inuous thermal exposure. A l l  failures of t he  cont inuous exposure specimens 
are cha rac t e r i zed  by d u c t i l e  necking f r a c t u r e  of the matr ix  and fragmented 
b r i t t l e  f r a c t u r e  of the f i b e r ,  w i t h  no fiber p u l l o u t  ( f igs .  9 and 10).  Frac- 
tures  of t h i s  type are termed noncumulative mode f r a c t u r e s  (ref.  9) and ind i -  
c a t e  wel l -consol idated materials w i t h  high-strength i n t e r f a c e s .  

The f r a c t u r e  p r o f i l e s  and s u r f a c e  morphology of  

Higher magnif icat ion S M  f ractographs and EDAX spectra f o r  e lemental  ana l -  
y s i s  of t h e  material i n  the matr ix  and a t  t he  f i b e r h a t r i x  i n t e r f a c e  are shown 
i n  f i g u r e  11. The EDAX spectra f o r  the unexposed specimen ( f ig .  l l ( a ) >  show 
t h a t  i n i t i a l l y  t h e  matr ix  and the material, a t  t he  i n t e r f a c e  are similar i n  com- 
pos i t i on .  The low-concentration a l loy ing  c o n s t i t u e n t s  i n  the  6061 aluminum 
matr ix  do not  appear i n  the  spectra a t  t h i s  scale. After exposure a t  728 K f o r  
120 hours  ( f i g .  l l ( b ) )  and 240 hours  ( f i g .  l l ( c > ) ,  t he  concent ra t ion  of magne- 
s ium at the  i n t e r f a c e  was d e t e c t a b l e  a t  t h i s  scale. This i n d i c a t e s  t h a t  some 
of t h e  magnesium t h a t  was i n i t i a l l y  dispersed i n  t h e  6061 aluminum matr ix  had 
d i f fused  t o  the i n t e r f a c e .  

F iber /mat r ix  i n t e r f a c e  and fiber s t rength . -  Cross s e c t i o n s  from t h e  spec i -  
mens were polished and etched w i t h  Kel le r ’s  r eagen t ,  which deeply etched the  
r e a c t i o n  l a y e r .  
focused on the  plane of t h e  r e a c t i o n - l a y e r h a t r i x  i n t e r f a c e ,  t he  morphology of 
t h i s  i n t e r f a c e  becomes v i s i b l e .  Because of t he  s u r f a c e  relief caused by the  
po l i sh ing  process, t h e  e n t i r e  r eac t ion  l aye r  cannot be brought i n t o  focus simul- 
taneous ly ,  and a s  a r e s u l t ,  t h e  apparent t h i ckness  of the r e a c t i o n  layer may be  
misleading. Photomicrographs of t he  react idn-layer/matr ix  i n t e r f a c e  of  unex- 
posed B/A1 specimens and specimens continuously exposed a t  728 K and 783 K are 
shown i n  f i g u r e s  12 and 13, respec t ive ly .  These f i g u r e s  show what appears to  
be development of a c i c u l a r  growth a t  the f ibe r /ma t r ix  i n t e r f a c e ,  similar t o  
t h a t  repor ted  i n  re ference  10. The unexposed specimens ( f igs .  12(a) and 13(a)) 
show l i t t l e  o r  no a c i c u l a r  growth developed during t h e  f a b r i c a t i o n  process .  
Exposure t o  the  e leva ted  temperatures caused the  a c i c u l a r  growth t o  develop 

When these  specimens a r e  viewed wi th  an o p t i c a l  microscope 
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( f ig s .  12(b) and 13(b) )  
( f igs .  12(c)  and 1 3 ( c ) > .  

The growth was more dense f o r  longer  exposure time 

The r eac t ion  l aye r  is more d i s t i n c t l y  seen on f ibe r s  which have been chem- 
i c a l l y  removed from the  matrix and then p a r t i a l l y  e tched w i t h  Murakami's 
reagent .  These f ibers ,  from an unexposed specimen and from specimens continu- 
ous ly  exposed a t  728 K and 783 K ,  are  shown i n  f i g u r e  14. 
t inuous  i n i t i a l  l a y e r  on t h e  unexposed specimen is apparent  i n  f i g u r e  1 4 ( a ) .  
Thicker ,  continuous l a y e r s  formed during the  continuous exposures are shown i n  
f i g u r e s  1 4 ( c > ,  ( d ) ,  and ( e ) .  
783 K t o  accentua te  t h e  r eac t ion  layer  is shown i n  f i g u r e  14( f >  . 
t e x t u r e  of t h e  r eac t ion  l aye r  may be a t t r i b u t e d  t o  t h e  a c i c u l a r  growth. 

The l i g h t ,  discon- 

A f iber  from a specimen exposed 170 hours  a t  
The f l u f f y  

X-ray d i f f r a c t i o n  p a t t e r n s  from a powder sample of  t he  r eac t ion  l a y e r  con- 
t a ined  only two peaks,  both of  low i n t e n s i t y .  One of these corresponded t o  t h e  
major peak f o r  aluminum d ibor ide  (AlB2) and t h e  o t h e r  corresponded t o  t h e  major 
peak f o r  magnesium dibor ide  (MgB2). The i n t e n s i t y  of  t he  secondary peaks f o r  
t hese  compounds are only  40 percent  and 34 percent  of t h e  amplitude of t h e i r  
major peaks and could have been masked by the  background p a t t e r n .  Neither of  
t h e  peaks found corresponded t o  any o ther  spec ies .  Th i s  was not  considered a 
conclus ive  i d e n t i f i c a t i o n  of t h e  reac t ion  products ;  however, A1B2 has been 
i d e n t i f i e d  as a reac t ion  product i n  a similar specimen analyzed wi th  e l e c t r o n  
d i f f r a c t i o n  techniques ( ref .  101, and a h igher  concent ra t ion  of magnesium was 
found a t  t h e  f iber /mat r ix  i n t e r f a c e  than i n  t h e  matr ix  ( f ig .  l l ( c > ) .  

These data suggest that t h e  following degradat ion mechanism may occur .  
Aluminum and boron may react a t  the reaction-product/matrix i n t e r f a c e  t o  form 
A1B2. 
t h e  r e a c t i o n  and form (Al,Mg>B2 (both A1B2 and MgB2 have hexagonal c r y s t a l  
s t r u c t u r e s ) .  
matrix a t  t h e  i n t e r f a c e  and r e s u l t  i n  a n e t  f l u x  of  magnesium from the matr ix  
t o  the  i n t e r f a c e .  

Avai lable  magnesium may p r e f e r e n t i a l l y  s u b s t i t u t e  f o r  t h e  aluminum i n  

Such a r eac t ion  could lower t h e  magnesium concent ra t ion  i n  the  

The r e s u l t  of t h i s  mechanism could be twofold. F i r s t ,  t h e  lowered concen- 
t r a t i o n  of magnesium (a strengthening agent )  i n  t h e  6061 aluminum matr ix  could 
weaken t h e  matrix material. Secondly, t h e  s u b s t i t u t i o n  of  magnesium, 11 per- 
c e n t  larger i n  atomic r a d i u s  than aluminum, i n t o  the  c r y s t a l  s t r u c t u r e  of t he  
r eac t ion  l a y e r  could embrittle t h e  s t r u c t u r e  by d i s t o r t i n g  t h e  l a t t i ce .  

Pol ished and etched c r o s s  sec t ibns  of  Bsc/Al specimens cont inuously 
exposed a t  728 K and 783 K are shown i n  f i g u r e s  15 and 16 ,  r e spec t ive ly .  
Unlike t h e  B/A1 specimens ( f igs .  12 and 131, t hese  B s c / A l  specimens had only 
small patchy sites of  a c i c u l a r  growth. This  patchy formation is better seen on 
t h e  f ibers  p a r t i a l l y  e tched w i t h  Murakami's r eagen t ,  shown i n  f i g u r e  17. 
photomicrographs o f  each f i b e r  are shown, one of t h e  unetched end and the  o t h e r  
of  t h e  etched end. The s i l i c o n  carbide coa t ing  on t h e  f ibers  apparent ly  
retarded t h e  r e a c t i o n s  between t h e  f i b e r  and the  matrix. 
r e a c t i o n  products  formed where t h e  coat ing was not  s u f f i c i e n t l y  th i ck .  

Two 

However, patches of  

F ibe r  s t r eng th  d i s t r i b u t i o n s  for  var ious  exposure times a t  728 K and 783 K 
are shown i n  f i g u r e  18 f o r  B/A1 specimens and i n  f i g u r e  19 f o r  B s c / A l  specimens. 
The boron f iber  s t r eng th  decreased with the  increased exposure time i n  both 
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cases, as evidenced by the  leftward s h i f t  o f  the d i s t r i b u t i o n s .  
t h a t  t he  f u l l  amount of s h i f t  is not  shown because t h e  test f i x t u r e  used was 
no t  capable  of  measuring s t r e n g t h s  grea te r  than 3.74 GPa and a large number of  
f ibers  i n  t h e  unexposed specimens showed higher  s t r eng ths .  
showed no change i n  s t r e n g t h  w i t h  increased exposure time. 

Note, however, 

The Borsic  f i b e r s  

F a i l u r e  mechanism.- Co l l ec t ive ly ,  these data suggest  t h a t  t he  failure 
mechanism f o r  t he  B/A1 continuous thermal exposure specimens could be crack 
i n i t i a t i o n  i n  t he  r eac t ion  l aye r  causing stress concent ra t ions  on t h e  su r face  
of  t he  f i b e r  and f iber  f a i l u r e  a t  r e l a t i v e l y  low stresses. This conclusion is 
supported by t h e  type and consis tency of t h e  f r a c t u r e  mode which i n d i c a t e s  t h a t  
t h e  i n t e r f a c e  shear s t r e n g t h  was adequate t o  t r a n s f e r  t he  load, and by the  
s h i f t  i n  t h e  f iber  s t r e n g t h  d i s t r i b u t i o n s  which i n d i c a t e s  t h a t  t h e  degrada t ion  
was i n  t h e  reac tion-produc ts/f i b e r  system. 

The strengths of  t h e  Bsc/A1 composite and t h e  Borsic  fibers were 
apparent ly  no t  changed by continuous thermal exposure.  
although pa tches  o f  r eac t ion  products  were found, no t  enough formed t o  degrade 
the  s t r e n g t h .  

This  i n d i c a t e s  t h a t  

Cyclic Exposure Specimens 

T e n s i l e  s t r e n g t h  and f r a c t u r e  modes.- The mean va lue  and s tandard devia- 
t i o n  of  the UTS as a func t ion  of t h e  number o f  c y c l e s  between 293 K and 728 K 
f o r  both B/A1 and Bsc/Al are shown i n  f igure  20. 
through each set o f  data. 
manner as the number o f  c y c l e s  became la rge r .  
i n  a 34 percent  loss  of  s t r eng th  f o r  B/A1 and a n  18 percent  loss  of s t r e n g t h  
f o r  B s c / A l .  Thermal cyc l ing  had no apparent effect on the  room-temperature 
modulus of either material. 

Curves have been faired 
The UTS f o r  both materials degraded i n  a nonl inear  

Exposure t o  6000 c y c l e s  r e s u l t e d  

Typica l  f r a c t u r e  p r o f i l e s  of B / A 1  and B s c / A l  specimens are shown i n  fig- 

The f r a c t u r e  p r o f i l e s  dnd sur face  morphology of  t hese  specimens show 
u r e s  21 and 22, and SEM f rac tographs  of these specimens are shown i n  f i g u r e s  23 
and 24. 
t h a t  t h e  f r a c t u r e  mode changes w i t h  cyc l ic  thermal exposure. 
B / A 1  specimen ( f ig .  23 (a ) )  f a i l e d  i n  t h e  noncumulative mode seen i n  t h e  con- 
t inuous thermal  exposure specimens. The thermally cycled B/A1 specimens 
( f igs .  23 (b ) ,  ( c ) ,  and ( d ) ) ,  however, fa i led  i n  a mixed f r a c t u r e  mode as  t ran-  
s i t i o n  from t h e  noncumulative mode t o  a cumulative mode occurred. The cumula- 
t i v e  mode (ref. 9 )  is charac te r ized  by axial  shear-s tep f a i l u r e s  i n  t he  mat r ix ,  
nonfragmenting f r a c t u r e  of  the f i b e r s ,  and f ibe r  pu l lou t  from t h e  matrix. This  
type  of f r a c t u r e  mode is i n d i c a t i v e  of poorly bonded materials and weak i n t e r -  
facial  strength. The B s c / A l  specimens ( f i g .  24) had the  same s h i f t  i n  f r a c t u r e  
mode, bu t  t o  a lesser e x t e n t .  

The unexposed 

SI34 f rac tographs  a t  higher  magnif icat ions and EDAX spectra f o r  e lemental  
a n a l y s i s  of t h e  material i n  t h e  matrix and a t  the  f ibe r /ma t r ix  i n t e r f a c e  are 
shown i n  f i g u r e  25 f o r  the 6000-cycle specimen. 
specimen show t h a t  t he  concent ra t ion  of magnesium a t  the  i n t e r f a c e  was greater 
a f te r  exposure than before .  

The EDAX s p e c t r a  from t h i s  

This implies t h a t  t h e  r eac t ion  l a y e r  i n  t he  c y c l i c  
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exposure specimens may be formed by the same mechanism t h a t  was discussed f o r  
t h e  continuous exposure specimens. 

Fiber /matr ix  i n t e r f a c e  and f ibe r  s t r eng th . -  A c r o s s  s e c t i o n  from a 
6000-cycle B/A1 specimen was polished and etched. 
cross s e c t i o n  taken i n  an o p t i c a l  microscope is shown i n  f i g u r e  26. 
face between t h e  r e a c t i o n  l a y e r  and t h e  matr ix  of  t h i s  specimen appears  smooth 
and does no t  have the  a c i c u l a r  growth developed i n  the  continuous exposure 
specimens (figs.  12 and 13).  

A photomicrograph of  t h e  
The i n t k r -  

The r e a c t i o n  l aye r  is more d i s t i n c t l y  seen on boron f ibers  p a r t i a l l y  
etched wi th  Murakami's reagent  ( f i g .  27) .  
specimen ( f i g .  2 7 ( d ) )  might be expected t o  be similar t o  t h a t  i n  t h e  80-hour 
continuous exposure specimen ( f ig .  1 4 ( b ) ) .  However, it does not  have t h e  same 
f l u f f y  t e x t u r e  a t t r i b u t e d  t o  t h e  a c i c u l a r  growth. 

The r e a c t i o n  l a y e r  i n  t h e  6000-cycle 

F i b e r s  from the  cycled B s d A 1  specimens are shown i n  f i g u r e  28. A s  
be fo re ,  two photomicrographs f o r  each f i b e r  are presented,  one of  t h e  unetched 
end and t h e  o t h e r  of  t h e  etched end. These fibers show r e a c t i o n  l a y e r s  similar 
t o  those on t h e  continuous exposure test  fibers ( f ig .  1 7 ) ;  t h e  s i l i c o n  carbide 
coating on t h e  fiber apparent ly  retarded t h e  r e a c t i o n s  between the f iber  and 
t h e  matr ix .  However, patches of  r eac t ion  products  were formed where t h e  coat-  
i n g  was not  s u f f i c i e n t l y  th i ck .  

F ibe r  s t r e n g t h  d i s t r i b u t i o n s  as a func t ion  of t h e  number of  exposure 
cyc le s  f o r  both t h e  B/A1 and Bsc/A1 specimens are shown i n  f i g u r e  29. I n  con- 
trast t o  t h e  continuously exposed boron f ibers  ( f ig .  1 8 ) ,  t h e  thermally cycled 
boron f ibers  showed no degradation i n  s t r e n g t h .  Thermal cyc l ing  d i d  no t  
degrade the  s t r e n g t h  of  t h e  Borsic f ibers .  

F a i l u r e  mechanism.- Co l l ec t ive ly ,  t h e s e  data suggest t h a t  t h e  f a i l u r e  mech- 
anism f o r  the  B/A1 and B s c / A l  thermally cycled specimens could be t h e  r e s u l t  of  
degradat ion o f  i n t e r f a c i a l  s t r eng th .  The r e v e r s i n g  stress f i e l d  a t  the i n t e r -  
face, induced by d i f f e r e n c e s  i n  thermal expansion, could weaken t h e  mechanical 
bond between the matr ix  and f iber  with each r e v e r s a l .  I n  t h e  B/A1 specimens, 
a d d i t i o n a l  weakening between the  react ion products and t h e  matr ix  could be 
caused by t h e  r eve r s ing  stress f i e l d .  This stress f i e l d  could shea r  o f f  t h e  
t i p s  o f  the  a c i c u l a r  growth and c rea t e  another  weakened i n t e r f a c e .  These con- 
c l u s i o n s  are supported by t h e  t r a n s i t i o n  i n  ' f r ac tu re  mode which i n d i c a t e s  an 
i n t e r f a c i a l  s t r e n g t h  not adequate t o  t r a n s f e r  t he  load,  by t h e  absence of acic- 
u l a r  growth ( f ig .  2 7 ) ,  and by t h e  c o n s i s t e n t  fiber s t r e n g t h  d i s t r i b u t i o n s  which 
i n d i c a t e  t h a t  f a i l u r e  was not  i n i t i a t e d  i n  t h e  r e a c t i o n - p r o d u c t d f i b e r  system. 

CONCLUSIONS 

Boron-aluminum ( B / A l )  and Borsic-aluminum ( B s c / A l )  composites have been 
sub jec t ed  t o  continuous exposure a t  728 K f o r  up t o  240 hours and a t  783 K f o r  
up t o  12 hours and t o  c y c l i c  exposure from room temperature t o  728 K f o r  up t o  
6000 cycles .  
specimens were metal lographical ly  analyzed. Scanning-electron-microscope 
energy d i s p e r s i v e  a n a l y s i s  of  X-rays and an X-ray d i f f r a c t i o n  technique were 

The room-temperature t e n s i l e  s t r e n g t h s  were measured and t h e  
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employed t o  determine r eac t ion  products a t  t he  fiber/matrix i n t e r f a c e .  
conclusions of  t he  i n v e s t i g a t i o n  a r e  as follows: 

The 

1 .  Exposure t o  continuous o r  c y c l i c  e leva ted  temperatures  caused magnesium 
i n  t h e  6061 aluminum matrix t o  d i f f u s e  t o  t h e  r e a c t i o n  l a y e r .  Data suggest  
t h a t  while aluminum and boron r e a c t  t o  form AlB2 ,  a v a i l a b l e  magnesium may p re f -  
e r e n t i a l l y  s u b s t i t u t e  f o r  aluminum i n  t h e  r e a c t i o n  and form a complex compound, 
(A1,Mg)Bz. 
r eac t ion  l aye r .  

This mechanism could r e s u l t  i n  a weaker mat r ix  and an e m b r i t t l e d  

2. Continuous thermal exposure s i g n i f i c a n t l y  degraded the  s t r e n g t h  of t he  
B / A l  composites but d i d  not a l te r  t h e  modulus o r  the mode of f r a c t u r e .  The 
f a i l u r e  mechanism f o r  these specimens appeared t o  be  crack i n i t i a t i o n  i n  t h e  
r eac t ion  l a y e r  causing stress concent ra t ions  on t h e  f iber  s u r f a c e  and f i b e r  
f a i l u r e  a t  r e l a t i v e l y  low stresses. 

3. Continuous thermal exposure d i d  not  s i g n i f i c a n t l y  a l ter  t h e  s t r e n g t h ,  
modulus, o r  f r a c t u r e  mode of t he  Bsc/Al  specimens. 

4. Cyclic  thermal exposure degraded t h e  s t r e n g t h  of both materials, bu t  
t h e  s t r e n g t h  of the  B s c / A l  was degraded t o  a lesser e x t e n t  than t h e  B/A1 speci- 
mens. The unexposed specimens f r ac tu red  i n  t h e  noncumulative mode, character- 
i s t i c  of  s t r o n g  i n t e r f a c e s .  
showed t r a n s i t i o n  toward the cumulative mode, characteristic of weak i n t e r -  . 
faces. The modulus remained cons t an t .  The f a i l u r e  mechanism f o r  these speci- 
mens appeared t o  be weakening of t h e  interfacial s t r e n g t h  by a r eve r s ing  stress 
f i e l d  induced by the  d i f f e r e n c e s  i n  thermal expansion. Cycl ic  exposure 
degraded the s t r e n g t h  of t h e  B/A1 specimens more than continuous exposure. 

The fracture of the  thermally cycled specimens 

Langley Research Center 
Nat ional  Aeronautics and Space Administration 
Hampton, VA 23665 
September 20, 1977 
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TABLE I.- ROOM-TEMPERATURE ULTIMATE TENSILE STRENGTH AND STAGE I1 MODULUS 

10 

12 

FOR CONTINUOUSLY EXPOSED SPECIMENS 

.85 237 1.26 24 1 

.95 240 1.15 250 

0.76 245 1.10 242 
.93 257 1.48 25 1 
.83 239 1.41 246 

0.80 234 1.17 246 
.87 239 1.12 25 1 
.88 239 1.23 248 

11 

c 
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TABLE 11.- ROOM-TEMPERATURE ULTIMATE TENSILE STRENGTH AND STAGE I1 MODULUS 

cycles between 
293 K and 728 K 

0 

1000 

2057 

6000 

FOR CYCLICALLY EXPOSED SPECIMENS 

UTS , 
GPa 

1.65 
1.56 . 

1.32 
1.32 

1.21 
1.19 

0.96 
1.17 

Stage I1 
modulus, 

GPa 

UTS , 
GPa 

174 
185 

191 
193 

192 
185 

194 
185 

- 

1.22 
1-37 

---- ---- 
1.12 ---- 
1.06 
1.08 

Stage I1 
modulus, 
GPa 

191 
191 

--- --- 
200 --- 
20 1 
192 
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1 
0.106 cm f o r  B/A1 
0.110 cm for  B s c / A l  

Fiber g las s  gripping tabs 
bonded i n  place 

/ 
Fiber orientation / 

Figure 1.- Tensile test specimen. 
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L-77-5036.1 
Figure 2.- Thermal cyc l ing  apparatus. 
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r Transfer - 

I 
I 
i 

80- 600 

D t  bath "i- Cold bath - 4 

Time, min 

Figure  3.-  Typical temperature h i s t o r y  of specimen during thermal cyc le  
i n  so l id -pa r t i c l e  f l u i d i z e d  bath.  
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# 

Corresponding strength 
range f o r  0,142-mm-diam 
boron fibers, GPa no. 

O* Less than 2.11 
1 2.11 to 2.25 
2 2.25 to 2.41 
3 2.41 to 2.59 
4 2.59 to 2.81 
5 2.81 to 3.06 
6 3.06 to 3.36 
7 3.36 to 3.74 
8 Greater than 3.74 

from 6.3 mm to 12.7 mm 

Figure 4.- Schematic o f fiber strength test fixture. 



1.5 

1.0 

Stress, 
GPa 

0.5 

0 

. 

L 

Ultimate strength 1.36 GPa - 

/ / Stage I modulus 
I I a I a I 

0.004 0.006 0.002 

St ra in ,  cm/cm 

(a>  No exposure. 

r 

1.0 

S t r e s s ,  
GPa 

0.5 

0 

1.5 - 

1.0 - 
S t r e s s ,  

GPa 

0.5 - 
I 

0 0.002 0.004 0.006 

St ra in ,  cm/cm 

(b) Continuously exposed f o r  120 h r  a t  728 K .  

Figure 5.- Typical t e n s i l e  stress-strain curves f o r  B/A1.  
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1.5 

1.0 
U 1 t imat e 
tensile 
strength , 
GPa 

0.5 

0 

1.5 

1.0 
U 1 t imat e 
tens i 1 e 
strength , 
GPa 

0.5 

0 

'L A Faired curves B s c / A l  

Mean values and B/A1 / 
standard deviations 

Y 

I I I I I I I 
160 240 80 

Continuous exposure time, hr 

(a) 728 K. 

Bsc/Al, T 

T 

B/A1 

4 8 
Continuous exposure time, hr 

(b) 783 K. 

12 

Figure 6.- Ultimate tensile strength for continuously exposed B/A1 and Bsc/Al. 
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(a) No (b) 240 hr (c)  12 h r  
exposure. a t  728 K.  a t  783 K .  

F igure  7.- F rac tu re  p r o f i l e s  of cont inuously exposed B/A1. 

L-77-ZUl 
(a) No (b) 240 h r  ( c )  12 h r  

a t  728 K. a t  783 K .  exposure. 

F igure  8.- F rac tu re  prof i les  of continuously exposed Bsc/Al. 

, 
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(a) No exposure. 

F i g u r  

(b) 120 hr .  

7 ‘28 K. 
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(a> No exposure. 

(b) 5 h r .  

( c )  12 h r .  

F igure  13.- Cross s e c t i o n s  of B / A 1  cont inuously exposed a t  783 K .  



(a) No exposure. 

(c )  120 hr a t  728 K .  

(b) 80 hr a t  728 K .  

L-77-289 
(d)  240 hr at 728 K .  

Figure 14.-  Surface of fibers from continuously exposed B/Al. 
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( e )  12 hr at 783 K. (f) 170 hr a t  783 K. 

Figure 14.- Concluded. 



(a) No exposure. 

(b) 120 hr. 

(c) 240 hr. 

Figure 15.- Cross sections of Bsc/Al continuously exposed at 728 K. 
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(a)  No exposure. 

Figure 

( b )  5 hr.  

783 K. 



a 
a, c 
0 
JJ 
a, 

a, 
L 
3 
0 a 
X 
a, 
0 z 

.. 
m 

n 
n 
v 

a 
a, 

c, 
a, c 
3 

a, 
L 
3 
0 a 
X 
a, 
0 z 
m 

5 

.. 
m 

n 

v 

.-I 
4 
\ 
0 
m m 

m 
a 
a, 
0 a 
X 
a, 
h 
r( 

3 
0 
3 c 
.I4 
c, c 
0 
0 

m 

8 
I. 
G-4 

I. 
a, 
.I4 
G-4 
G-4 
0 

a, 
0 
m 
G-4 
L 
3 a 
I 

cc 

a, 
L 
3 
bo 
*I4 
L4 

m 

n 

- 

31 



Q 
Q) 
3 c 
d 
c, c 
0 u 
I 

PC 

Q) 
t. 
7 
bo 
.r( 
L 

c 

32 



L c 

h 

%I 
v 

V 
Q) 
P 
7 

I 
h 

V 
Q) sz 
0 

33 



240 h r  

Percentage 

f ibe r s  
of 50 

0 

120 h r  

PercentaRe - 
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0 
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f ibe r s  
of 50 
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Percent age 
of 

f ibe r s  

170 h r  F 

E l2 hr 

Phr 

100 

50 

0 
2.0 3.0 4 .0  
Maximum f i b e r  s t r e s s ,  GPa 

(a) 728 K. 

2.0 3.0 4 . 0  
Maximum f ibe r  s t r e s s ,  GPa 

(b) 783 K. 

Figure 18.- Fiber strength distributions from continuously exposed B/A1. 
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lco[ 240 h r  

3- 

I 

Percentage 

f i b e r s  
of 50 

0 

100 

Percentage 

f i b e r s  
of 50 

0 

loo[ 50 8o hr 
Percentage 

of 
f i b e r s  

0 

170 h r  i 
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2.0 3 . 0  4.0 2.0  3 . 0  4.0 

Maximum f i b e r  s t r e s s ,  GPa Maximum f i b e r  s t r e s s ,  GPa 

(a> 728 K. (b) 783 K. 

Figure 19.- Fiber strength distributions from continuously exposed BsdA1. 



U 1  t imate 
t e n s i l e  
s t r e s s ,  

G P a  

B/A1  Faired curves 

Mean va lues  and 
s tandard dev ia t ions  

Bsc/Al 

0.5. 

0 1  I I 
I I I I 

2000 4000 6000 

Number of  cyc le s  

Figure 20.- Ultimate t e n s i l e  s t r eng th  f o r  B/A1 and B s c / A l  c y c l i c a l l y  exposed 
between 293 K and 728 K .  



(b) 1000 ( c )  2057 ( d )  6000 
cycles. cycles. cycles.  (a)  No 

exposure. 

Figure 21.- Fracture profiles of B/A1 cyclically exposed 
between 293 K and 728 K .  

(a)  No ( b )  2057 ( c )  6000 
exposure. cycles. cycles.  

Figure 22.- Fracture profiles of Bsc/Al cyclically exposed 
between 293 K and 728 K .  
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Figur 

L-'{.(-5U I 

'e 26.- Cross section of polished B/A1 after 6000 
between 293 K and 728 K .  

cycles 
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(a) No exposure. (b) 1000 cyc le s .  

(c )  2057 cyc le s .  
L-77-302 

( d )  6000 c y c l e s .  

F igure  27.- Surface of f i b e r s  from B/A1 c y c l i c a l l y  exposed 
between 293 K and 728 K .  
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of 

f i b e r s  
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50 

0 
2.0 3.0 4.0.  

100 r 

Maximum f i b e r  s t r e s s ,  GPa 

( a )  Boron f i b e r s .  

r 

2057 cyc les  F 

Maximum fiber stress, GPa 

( b )  Borsic f i b e r s .  

F i g u r e  29. - F i b e r  s t r e n g t h  d i s t r i b u t i o n s  f o r  specimens c y c l i c a l l y  exposed 
between 293 K and 728 K .  
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